Lotus-type porous metals are fabricated by directional solidification of molten metals dissolving hydrogen. Unidirectional pores cause various anisotropic features of mechanical, thermal and electrical properties. Tensile, compressive and fatigue strength parallel to the pore direction are higher than those perpendicular to the pore direction. Besides, thermal and electrical conductivities parallel to the pore direction are higher than those perpendicular to the pore direction. Such anisotropy is attributed to the difference in the pinning cross-sectional area due to the dislocations and the scattering cross-sectional area due to electrons. The pore cross-sectional area perpendicular to the pore direction is much larger than that parallel to the pore direction. It is surmised that such difference in pore cross-section results in the anisotropy in mechanical, thermal and electrical properties.
Introduction
Porous and foamed metals exhibit various characteristics such as low density and large surface area, which differ from bulk metals. These metals are expected to be used as lightweight materials, catalyst carrier, electrodes, vibration and acoustic energy damping materials, impact energy absorption materials, etc. It is considered that such anisotropy is resulted from the difference in the pinning cross-sectional area due to the dislocations and the scattering cross-sectional area due to electrons. The review describes anisotropic features of mechanical, thermal and electrical properties in order to elucidate the anisotropic mechanism.
Fabrication of Lotus Metals
Lotus metals are fabricated through unidirectional solidification of the melt in hydrogen atmosphere. When the melt dissolving hydrogen is solidified, inso- [5] , and continuous casting technique [6] . Among them, the most superior technique is the continuous casting technique, which is shown in Figure 1 . This technique can control the solidification velocity and produce long sized ingots of lotus metals, which is suitable for mass-production.
Since the difference in gas solubility between liquid and solid is utilized to fabricate lotus metals, gas such as hydrogen, nitrogen or oxygen dissolved in the melt is indispensable. In order to dissolve the gas into the melt, two methods are available. In high-pressure gas method (PGM), the fabrication chamber is filled with the gas, which is dissolved up to the equilibrium gas concentration into the molten metal under a given gas pressure [2] . On the other hand, in thermal decomposition method (TDM), gas compounds such as hydride and nitride are Figure 1 . Schematic drawing of continuous casting apparatus. used as dissolving gas sources instead of high-pressure gas, so that a high-pressure chamber is not necessary [7] . After the gas compounds is added into the melt, the compounds simultaneously react with the molten metal to dissolve the gas.
Induction coil Crucible
Usually argon or vacuum is used as an atmosphere during melting and solidification in order to prevent oxidation and impurity inclusion. Comparing both methods, PGM requires high-pressure gas and high-pressure chamber, while TDM does not require high-pressure gas and chamber, but inclusion of metallic constituent elements inherent from the gas compounds is inevitable in lotus metals.
Mechanical Properties of Lotus Metals

Tensile Strength
The ultimate tensile strength of specimens with cylindrical pore direction parallel to the tensile direction is plotted against the porosity in Figure 2 force is evenly distributed, the stress is uniform. However, if the pores exist, the stress is accumulated around the pores so that the stress concentration takes place. According to the load-bearing model and stress concentration model, the tensile strength σ can be expressed by
where p is the porosity, σ 0 is the tensile strength of non-porous metal and K is a constant which is called as the stress concentration coefficient. For the specimen with the cylindrical pores aligned parallel to the tensile direction, the value of K approaches one, where no stress concentration takes place. For the specimen with cylindrical pores oriented perpendicular to the tensile direction, the value of K approaches 3, suggesting the stress concentration takes place. Those experimental data are fitted well to the Equation (1). Therefore, it is suggested that (a) the ultimate tensile strength for lotus metal with cylindrical pores parallel to the tensile direction exhibits no stress concentration and (b) the ultimate tensile strength for lotus metal with cylindrical pores perpendicular to the tensile direction shows stress concentration. Figure 3 shows the porosity dependence of the yield stress of lotus stainless steel [9] . The yield stress of lotus metal with cylindrical pores parallel to the compressive direction, y σ  decreases almost linearly with increasing porosity, while the yield stress of lotus metal with cylindrical pores perpendicular to the compressive direction, y σ ⊥ rapidly decreases. Thus, y σ ⊥ is lower than y σ  over the whole range of porosity. The yield stress of lotus stainless steel is also expressed by the power-law Equation (1) . The values of K were found to be 1.0 and 2.4 for the direction parallel and perpendicular to the pore direction, respectively. On the other hand, the fatigue strength perpendicular to the pore direction decreases rapidly with increasing porosity, which is attributed to the weakness due to stress concentration.
Compressive Strength
Thermal and Electrical Properties of Lotus Metals
Thermal Conductivity of Lotus Copper
The effective thermal conductivity of lotus copper eff k is defined by Since the heat flow cross-sectional areas parallel to the pore axis in lotus copper is proportional to (1 − p), the effective thermal conductivity eff k  is expressed by the following equation:
where k s is the thermal conductivity of non-porous copper. The effective thermal conductivity perpendicular to the pores can be expressed by Figure 7 shows a comparison between the experimental data and the results evaluated by the analytical Equations (4) and (5) 
Electrical Conductivity of Lotus Nickel
Electrical conductivity of lotus nickel was measured by the four-probe method at room temperature. Figure 8 shows the porosity dependence of the electrical conductivity of lotus nickel, σ  and σ ⊥ , where σ  and σ ⊥ are the electrical conductivity parallel and perpendicular to the pore direction [12] . For the electrical conductivity parallel to the pore direction, the specific electrical conductivity is almost constant. This is because the flow direction of the electrical current Figure 7 . Porosity dependence of thermal conductivity of lotus copper. in the matrix is almost parallel to the applied electric field. For the perpendicular direction, the electrical conductivity decreases rapidly with increasing porosity.
Porosityε (%)
The electrical conductivity in the perpendicular direction is much lower than that in parallel direction. The electrons scatter with pores in lotus metals so that pores decrease conductivity. Since the pores are anisotropic in parallel and perpendicular directions, the scattering cross-sectional area is different in both directions. Thus, the electrical conductivity exhibits anisotropy.
Anisotropic Behavior of Mechanical, Thermal and Electrical Properties
The porosity dependence of mechanical, thermal and electrical properties is similarly fitted well to the power-law Equation (1) . The mechanical properties result from dislocation behavior, while the thermal and electrical conductivity result from electron behavior. During deformation, the dislocations move in the crystal. If the pores exist, the dislocations are piled up around the pores and the stress concentration takes place, which affect the decrease in the strength perpendicular to the pores. Thus, the pores are considered as pinning sites impeding further dislocation propagation. On the other hand, thermal conduction is attributed to lattice conduction and electron conduction. In metals, electron conduction is dominant. In the lotus metals, the decrease in thermal conductivity occurs by electron scattering with the pores. Besides, the electrical conduction is responsible to the movement of current carriers (electrons). The decrease in the electrical conductivity in lotus metals is attributed to the scattering of electrons with pores. Thus, the pores are also considered as obstacles, that is, the scattering sites for electrons. Figure 9 shows the cross-section of pores in lotus metals parallel and perpendicular to the pore direction. Cross-sectional area S is evaluated approximately to be; where n is the number of pores per unit volume, r is the radius of pore and l is the length of pore. Usually l r  so that S S ⊥ >  . Therefore, the pinning cross-sectional or the scattering cross-sectional area perpendicular to the pore direction is much larger than that parallel to the pore direction. It is surmised that such difference causes more remarkable scattering difference and results in the anisotropy in mechanical, thermal and electrical properties.
Summary
The present review summarizes several peculiar features for lotus metals. 1) Unidirectional pores inherent from structure of lotus metals cause unique anisotropic characteristics of mechanical, thermal and electrical properties.
2) Tensile, compressive and fatigue strength parallel to the pore direction are higher than those perpendicular to the pore direction.
3) Thermal and electrical conductivities parallel to the pore direction are higher than those perpendicular to the pore direction. 4) Such anisotropy is attributed to the difference in the pinning cross-sectional area due to the dislocations and the scattering cross-sectional area due to the electrons.
Such anisotropic properties are expected to be utilized for application to various functional and structural materials.
